The total synthesis and structure determination of cis-and trans-flocoumafen was described. The key synthetic steps involve Knoevenagel condensation with p-methoxybenzaldehyde, in situ decarboxylation and intramolecular ring cyclization to construct the tetralone skeleton. Stereospecific reduction of the O-alkylated ketone 13 afforded good yield of precusor alcohol 5. Final coupling of alcohol 5 with 4-hydroxycoumarin yielded flocoumafen (1). Separation and structure determination of cis-and trans-flocoumafen through 2D NMR analyses-assisted computer simulation techniques for the evaluation of anticoagulant activities are reported for the first time. This method is useful for generating the core tetralone skeleton of 4-hydroxycoumarin derivatives and provides a generalized access to various warfarin type anticoagulants.
Introduction
The physiological potential of naturally occurring coumarins has attracted considerable attention. In particular, 4-hydroxycoumarin anticoagulant agents, widely used as rodenticides, are of interest for cell growth stimulation, bacteriostatic activity, and the treatment of thrombotic diseases [1] . Many of these compounds have side effects, including the warfarin-related "purple toes" syndrome and inhibition of vitamin K epoxide reductase [2] . Currently, warfarin type anticoagulants such as brodifacoum [3] , bromadiolone [4] , flocoumafen [5] , difenacoum [6] , thioflocoumafen [7] , and difethilone [8] (Figure 1 ) have been developed to control rodents with low toxicity [9] and can also be used in low concentrations for the treatment of human circulatory diseases [10] . Although warfarin has been tentatively used to control rodents, it is a direct hazard to domestic animals and wild mammals. Flocoumafen (FCF, 1) is a potent, effective anticoagulant agent in the 4-hydroxycoumarin class. A recent report described the development of a biological screening assay to detect anticoagulant rodenticides based on inhibitory action on the vitamin K epoxide reductase protein complex [11] . Previous research has addressed synthetic approaches to warfarin type anticoagulants through the formation of the carbon backbone using organocopper methodology, ring cyclization, and coupling with a 4-hydroxycoumarin moiety [12] . The development of new methods for the efficient and selective preparation of flocoumafen is of great interest in organic and medicinal chemistry due to the frequent occurrence of this structural class in biologically active compounds and as valuable synthetic intermediates for potential new pharmaceuticals.
In preliminary communications, we developed a method for multi-step synthesis of 4-hydroxycoumarin derivatives using Friedel-Crafts, Refortmasky, and ring cyclization and reported the biological activities of various derivatives [13] . As part of our continuing interest in the synthesis of 4-hydroxycoumarin derivatives for potential use as anticoagulants, we wanted to establish a practical and efficient synthesis of flocoumafen. In this report, we describe the efficient total synthesis of flocoumafen starting from readily available 4-methoxybenzaldehyde by Knoevenagel condensation, Michael 1,4-addition reaction, ring cyclization, and a final coupling reaction. In addition, separation and structure determination of cis-and trans-flocoumafen through 2D NMR analyses and computer simulation techniques are reported for the evaluation of anticoagulant activities.
Results and Discussion

Total Synthesis
As shown in Scheme 1, this synthetic method is practical and provides generalized access to the target flocoumafen and various other warfarin type anticoagulants. The retrosynthetic analysis shown in Scheme 1 provides a strategy for easy access to flocoumafen (1) through a reaction sequence involving Knoevenagel condensation of p-methoxybenzaldehyde (7) with ethyl cyanoacetate, a Michael 1,4-addition, and construction of the tetralone skeleton 9 via intramolecular ring cyclization [5] , and preparation of alcohol 5 by stereospecific reduction of ketone 9. Analogous to the known Knoevenagel condensation [14] [15] [16] [17] [18] , we found that the reaction of ethyl cyanoacetate with p-methoxybenzaldehyde (7) in the presence of acetic acid and pyrrolidine generated an excellent yield (98%) of the desired product 8 in Scheme 2. This result suggests that ethyl cyanoacetate has better reactivity due to its relatively high α-proton acidity.
Having successfully investigated Knoevenagel condensation conditions to yield ketoester 8 in excellent yield, we then examined approaches to generate the key synthetic intermediate, tetralone 9. Compound 8 was treated with freshly prepared benzylmagnesium bromide in dry THF to afford 10 in 67% yield, which was readily oxidized in acidic media to produce diacid 11. In situ decarboxylation of 11 was accomplished with hydrochloric acid to generate the monoacid, which then underwent an intramolecular ring cyclization using trifluoroacetic anhydride (TFAA) to give tetralone 9 in overall 68% yield. Demethylation of the methoxy group of compound 9 was accomplished with hydrobromic acid in acetic acid to generate phenol 12, which was treated with freshly prepared 3-(trifluoromethyl)benzyl bromide in the presence of sodium hydride in THF at 0 °C to give the O-alkylated product 13 in 70% yield over two steps. Ketone 13 was treated with sodium borohydride in MeOH to afford the secondary alcohol 5, which was readily transformed into bromide 6 using phosphorus tribromide in dichloromethane in 44% yield over two steps. At this stage, we noticed that reduction of the ketone of compound 13 with sodium borohydride in methanol exclusively produced cis alcohol 5. This result was somewhat surprising, since no particular steric hindrance to approach of the reducing species from either carbonyl face would be anticipated from molecular models. A reasonable explanation for this stereochemical anomaly was included in a preliminary communication [13] . To complete the synthesis, coupling reactions of either alcohol 5 or bromide 6 with 4-hydroxycoumarin were attempted under acidic conditions. Alcohol 5 was treated with p-toluenesulfonic acid to give flocoumafen (1) in 64% yield as a 1:1 structurally isomeric mixture of cis-flocoumafen (cis-FCF) and trans-flocoumafen (trans-FCF). On the other hand, the coupling reaction of bromide 6 with 4-hydroxycoumarin was not effective for the preparation of flocoumafen (1) due to dehydrohalogenation. Synthetic flocoumafen consists of a mixture of cis and trans, and its separation for three-dimensional structure determinations has never been reported to date in the literature. For the purpose of the evaluation of anticoagulant activities, we separated the diastereomers into cis-FCF and trans-FCF using flash silica gel column chromatography. In addition, ethyl acetate could be used as a recrystallization solvent to exclusively afford the cis-form of flocoumarin (1) with 99% purity, while a solvent mixture of ethyl acetate/hexane (1:4, v/v) gave predominantly the trans-form with 98% purity.
The anticoagulant activities of the individual isomers along with the mixture of flocoumafen will be reported in due course.
Structure Determination
The structures of cis-and trans-flocoumafen were characterized through 2D NMR analyses and further computer simulation techniques. High-resolution 1D and 2D NMR analyses of cis-flocoumafen allowed us to assign most of the proton and carbon peaks. A homo-correlation spectroscopy (COSY) experiment was useful in clarifying the regioselective assignment of aliphatic and aromatic protons. The proton at the 1' position was coupled with H2' and H3". The benzylic proton was coupled with H2" and H6". The Table 2 are identical to those of Table 1 .
The assignments of the protons on H5, H2', and H3' were confirmed by the hetero multiple bound correlation technique (HMBC) of C4, C7, C9; C3', C4'; and C4', C2", C6", respectively. The benzylic protons showed couplings to C1'" and C4", and the benzyl carbon was correlated with the H2'" and H6'" protons. The HMBC experiment also enabled us to corroborate the presence of the trifluoro methyl group at the C4'" position.
The Nuclear Overhauser Enhancement spectroscopy (NOESY) spectrum showed a long-range correlation between H1' and H3' confirming the stereochemistry of cis-and trans-flocoumafen. The H1' protons of cis-flocoumafen were coupled with H2' and H3', while the H1' protons of trans-flocoumafen had a coupling only with the H2' proton and did not display coupling with H3', as shown in Table 1 . These results indicate that the H1' benzylic proton of the cis-isomer causes a substantial NOE enhancement of the C3' benzylic signal at 39.8. However, the trans-isomer had no detectable NOE effect upon irradiation of the H1' and H3' benzylic protons ( Table 2) .
We turned to computer simulations to help explain the structural differences between cis-and transflocoumafen (FCF). The structures of cis-FCF and trans-FCF shown in Figure 2 were geometrically optimized at the B3LYP/6-31G ** level [19] with the use of SPARTAN 06 for Windows [20] (see Supporting Information). The results of analysis of the calculated structures of the two isomers are revealing. Averaged values of bond lengths, bond angles and dihedral torsion angles for the structures (Table 3) were obtained. The C4'C3'C1'' bond angle of the cis-isomer is approximately 3° smaller than that of the transisomer (Figure 2 and Table 3 ), in good agreement with the results from the HMQC analysis. Moreover, the H1'H2' and H1'H3' bond distances in the cis-isomer, 2.37 Å and 2.60 Å, were notably shorter than in the trans-isomer, 2.39 Å and 3.83 Å, respectively. These results are verified by the calculated values from the B3LYP analysis for the NOE effect (see Table 3 ). Finally, we investigated the dihedral angles for the key differing bonds in the cis and trans isomers. These dihedral angles (H5C5C6C4, H5C5C8C7, H5C5C6C9, H2'C2'C3'C4') are shown in Table 2 . As shown in Table 3 , experimental values obtained from the NMR studies (Table 1 and 2) could be used to satisfactorily explain the conformations of both the cis-and trans-flucoumafen (1) isomers (Figure 2) . 
Experimental
General
All commercial reagents and solvents were used as received without further purification unless specified [21] . Reaction solvents were distilled from calcium hydride for dichloromethane and from sodium metal and benzophenone for tetrahydrofuran. The reactions were monitored and the R f values determined using analytical thin layer chromatography (TLC) with Merck silica gel 60 and F-254 precoated plates (0.25-mm thickness). Spots on the TLC plates were visualized using ultraviolet light (254 nm) and a basic potassium permanganate solution or cerium sulfate/ammonium dimolybdate/sulfuric acid solution followed by heating on a hot plate. Flash column chromatography was performed with Merck silica gel 60 (230-400 mesh). ). High resolution mass spectrometer (HRMS) analyses were recorded on an Applied Biosystems 4700 proteomics analyzer spectrometer.
General Procedure for the Knoevenagel Reaction: Synthesis of (E)-Ethyl 2-cyano-4-methoxycinnamte (8) [18]
To a solution of compound 7, ethyl cyanoacetate (7.5 mmol) and acetic acid (2.2 mmol) in dry toluene (10 mL) pyrrolidine (0.7 mmol) was added dropwise at room temperature and the mixture was refluxed for 30 min under N 2 gas. The reaction mixture was cooled to room temperature and then anisaldehyde (7.3 mmol) was added dropwise and refluxed for 3 h. The resulting mixture was cooled to room temperature and extracted by ethyl acetate (30 mL) and washed with water (20 mL) and brine (20 mL). The organic layer was dried over anhydrous MgSO 4 , filtered, and evaporated under reduced pressure. The crude was purified by flash column chromatography (silica gel, ethyl acetate/n-hexane 1:2, v/v) to give pure product 8 [14] [15] [16] [17] [18] 10, 9, 12, 13 , and 5 (10) . To a solution of cinnamate 8d (100 mg, 0.43 mmol) in dry THF (10 mL) was added to benzylmegansium bromide (0.52 mL, 0.52 mmol) under N 2 gas at room temperature. The mixture was stirred for 3 h at same temperature and then the resulting mixture was extracted by ethyl acetate (20 mL) and washed with NaHCO 3 (15 mL) and brine (15 mL 
Synthesis of Compounds
Ethyl 2-cyano-3-(4-methoxyphenyl)-4-phenylbutanoate
3-(4-Methoxyphenyl)-l-tetralone (9)
Butanoate 10 (35.6 mg, 0.11 mmol) was added to conc. HCl (5 mL) and refluxed for 2 h. The mixture was extracted by dichloromethane (20 mL) and washed with water (15 mL). The organic layer was dried over MgSO 4 , filtered, and evaporated under reduced pressure. Then the crude 11 was added to trifluoroacetic anhydride (TFAA) (1 mL) at 0 °C. The mixture was stirred at room temperature for 3 h. 
3-[1,2,3,4-Tetrahydro-3-[4-(4-trifluoromethylbenzyloxy)phenyl]-1-naphthalen-1-ol (5)
To a stirred solution of ketone 13 (0.8 g, 2.0 mmol) in EtOH (6 mL) was added portionwise sodium borohydride (91 mg, 2.4 mmol) and then the mixture was stirred at room temperature for 2 h. The reaction mixture was diluted with water (5 mL) and acidified with 1 N HCl aqueous solution. The resulting mixture was extracted with dichloromethane (10 mL × 3). The combined organic layer was washed with saturated aqueous NH 4 Cl solution (15 mL) and organic phase was separated, dried over anhydrous MgSO 4 , filtered, and concentrated under reduced pressure. (1) A catalytic amount of p-toluenesulfonic acid (5 mg) and 4-hydroxycoumarin (0.1 g, 0.6 mmol) were added to a stirred solution of secondary alcohol (5, 0.2 g, 0.5 mmol) in dichloromethane (4 mL). The mixture was refluxed for 6 h. The reaction mixture was cooled to room temperature and was washed with water (5 mL). The organic layer was separated, and the aqueous layer was extracted with dichloromethane (10 mL × 3). The combined organic layers were washed with saturated aqueous NH 4 Cl solution (15 mL), and the organic phase was separated, dried over anhydrous MgSO 4 , filtered, and concentrated under reduced pressure. 
Synthesis of Flocoumafen
Conclusions
In conclusion, we have developed a concise and efficient seven step total synthesis of flocoumafen (1) starting from readily available 4-methoxybenzaldehyde via Knoevenagel condensation, intramolecular ring cyclization, and coupling reactions. This method is useful for generating the core tetralone skeleton of 4-hydroxycoumarin derivatives and provides a generalized access to various warfarin type anticoagulants. In addition, cis-and trans-flocoumafen in pure form for the evaluation of anticoagulant activities were separated, and for the first time, their structures were characterized through 2D NMR analyses and computer simulation techniques.
